This study describes the development of an underwater surveillance hydrophone based on next generation Lead Magnesium Niobate-Lead Titanate (PMN-PT) single-crystal piezoelectric as the hydrophone substrate. Although PMN-PT can possess much higher piezoelectric sensitivity than traditional PZT piezoelectrics, it is highly anisotropic and therefore there is a large gain in sensitivity only when the crystal structure is oriented in a specific direction. Because of this, simply replacing the PZT substrate with a PMN-PT cylinder is not an optimal solution because the crystal orientation does not uniformly align with the circumferential axis of the hydrophone. Therefore, we have developed a novel composite hydrophone that maintains the optimal crystal axis around the hydrophone circumference. An composite hydrophone cylinder was fabricated from a single <110> cut PMN-PT rectangular plate. Solid end caps were applied to the cylinder and the sensitivity was directly compared with a solid PZT-5A cylindrical hydrophone of equal dimensions in a hydrophone test tank. The charge sensitivity showed a 9.1 dB improvement over the PZT hydrophone and the voltage sensitivity showed a 3.5 dB improvement. This was in relatively good agreement with the theoretical improvements of 10.1 dB and 4.5 dB respectively
INTRODUCTION
Lead Magnesium Niobate-Lead Titanate (PMN-PT) single crystal has piqued considerable interest since first being successfully grown in 1990. These crystals exhibit an electromechanical coupling close to the theoretical maximum (k 33 >0.92) and piezoelectric voltage-strain coefficients up to a factor of five higher than traditional PZT ceramics 1, 2 . Many researchers believe that many conventional piezoelectric materials will eventually be replaced by PMN-PT, (or similar crystals) as the material of choice for many piezoelectric devices 3 . Modern towed sonar arrays for underwater surveillance consisting of a long line of small piezoelectric hydrophones have become a popular choice for large military ships. Over the last decade, published performance improvements have mainly focused on the algorithm/signal processing side 4, 5 whereas innovations on the sensor side are rarely mentioned in unclassified literature. With piezoelectric hydrophones there is always a trade-off between size and sensitivity. We present a study which directly compares the sensitivity of a composite PMN-PT single-crystal cylindrical hydrophone to a PZT hydrophone of equal dimension. As PMN-PT inherently possesses higher piezoelectric coefficients, there is the potential for a hydrophone with equal dimensions to have greater sensitivity.
Langevin 6 initially proposed 3 types (Radial, Longitudinal and Tangential) of piezoceramic-based cylindrical hydrophones. From these 3 types, "Radial mode" hydrophones (using a 31-mode piezoelectric ring) are the most commonly used ring transducer since in practice they offer the best performance/cost ratio. They consist of a hollow thin-walled piezoelectric cylinder with two rigid end-caps. The piezoelectric cylinder is electroded on the inside and outside of the cylinder and the piezoelectric polarization vector is oriented radially between these two electrodes. Figure 1 shows a diagram of the piezoelectric cylinder and the polarization vector 'P'.
FIGURE 1:
Diagram of a piezoelectric cylinder used in a typical underwater acoustic hydrophone.
When the two ends of the cylinder are capped with a rigid material to create an enclosed air pocket at atmospheric pressure the voltage sensitivity below resonance is given by 7 :
where M V is the sensitivity in volts per Pascal, a is the cylinder radius, and g 31 and g 32 are the piezoelectric coefficients representing the voltage generated when the hydrophone is stressed in the cylinders circumferential and length directions respectively 7 . The voltage sensitivity is often used to characterize a hydrophone when a voltage amplifier is used on receive. In this case the output voltage of the amplifier is equal to the product of the amplifier gain, G, the input voltage, V i , which is proportional to M V . If a charge amplifier is used on receive instead of a voltage amplifier then the charge sensitivity in Coulombs per Pascal is a better value for characterizing the hydrophone. In this case the output voltage is proportional to the product of G and the input charge, q i . The charge sensitivity of the hydrophone is obtained by multiplying the voltage sensitivity in Equation 1 by the hydrophone's clamped capacitance C p : 
If a hydrophone designer is interested in obtaining the best signal-to-noise ratio, there is a figure of merit (FOM) that takes into consideration the amount of noise power generated at the input of the amplifier, which is dependent on the hydrophone impedance (Capacitance). A lower impedance (or higher capacitance) results in less internal noise generated by the hydrophone and therefore a better figure of merit. When operating well below resonance, the FOM is expressed as 7, 8 :
Where M V is the voltage sensitivity predicted by Equation 1 , and the FOM is proportional to the signal-to-noise power ratio 8 . Conventional commercially available PMN-PT single-crystal is cut in a <001> orientation, which provides the maximum piezoelectric coefficients in the thickness direction. In this crystal cut, the g 31 and g 32 coefficients are only slightly higher than PZT-5A (0.014Vm/N vs. 0.0114Vm/N) but the thickness d 33 coefficient and relative dielectric are much higher making this crystal cut optimal for thickness mode transducers such as stack actuators and ultrasound imaging probes. If this crystal cut could be rolled into a perfect solid cylinder with equal radius to a PZT-5A cylinder, such as shown in Figure 1 , it would provide a voltage sensitivity gain of only 20 log ଵ ൫‫ܯ‬ ,ெே் ‫ܯ‬ ,் ⁄ ൯ = 1.9 dB over PZT. If a crystal orientation other than <001> is chosen even larger g 31 and/or g 32 coefficients are possible, and as a result, higher theoretical sensitivity can be obtained. Table 1 lists the piezoelectric coefficients and relative dielectric constants for PZT-5A, conventional <001> cut PMN-32%PT, and <110> cut PMN-32%PT. The g 31 and g 32 coefficients for PMN-PT were provided by the manufacture (TRS Technologies, State College, PA), and the clamped dielectric was experimentally measured using a precision impedance analyzer (Agilent 4294A, Santa Clara, CA) once the piezoelectric substrates were manufactured into the form of a cylinder. According to Equation 1, for <110> cut PMN-PT with a g 31 coefficient of 0.0267 Vm/N and a g 32 coefficient of 0.01 Vm/N the theoretical gain over PZT-5A in voltage sensitivity is 5.4 dB, much greater than the <001> cut crystal. In addition, a gain in charge sensitivity of 11.1 dB is predicted and the theoretical gain in FOM is (8.3dB). For these reasons our hydrophone design is based on a <110> cut PMN-32%PT substrate. 
a) Composite design
If one were to simply machine a PMN-PT cylinder out of a solid piece of PMN-PT crystal, the radial orientation of the crystal would change as one moves around the circumference of the cylinder, and much of the <110> crystal cut sensitivity gain would be lost. Our proposed solution to this was to produce a cylinder manufactured from a single <110> cut PMN-32%PT plate. It was proposed these plates could be diced into strips in the width direction, the gaps (kerfs) could be filled with an epoxy, and then they could be rolled into the form of a cylinder as shown in Figure 2 (b). Using this method the crystal orientation is always in the optimal (radially uniform) direction to obtain the highest voltage sensitivity and signal to noise ratio.
b) Consideration of kerf filler epoxy
In conventional hydrophone design, where the piezoelectric cylinder is a solid piezoceramic tube, Equation 1 is sufficient to describe the hydrophone's sensitivity. More accurately, when a force is generated by a pressure difference between the hydrophone interior and exterior there is a slight reduction in the tangential force applied to the piezoelectric cylinder as compared to the theoretical value due to the rigidly attached end-caps. However, for a typical hydrophone the stiffness of the end-caps and the piezoelectric are so different that the reduction in tangential stress throughout the piezoelectric is negligible.
When piezoelectric cylinder is fabricated as a composite of alternating piezoelectric plates and relatively soft epoxy filler, which is the case in our PMN-PT single crystal hydrophone design, the reduction in tangential stress through the piezoelectric becomes significant. To consider this reduction in tangential forces we can model the tangential components (piezoelectric plates, epoxy kerf filler, end caps) using a simple one-dimensional mechanical spring model. Figure 3 shows the one-dimensional mechanical model for the tangential hydrophone components. The end-caps are represented by a spring of stiffness, k cap , in parallel to a series of piezoelectric plate and filler epoxy sections with stiffnesses of k p and k fill respectively. This simple model allows us to estimate how much of the total tangential force generated, F, is distributed through the end cap, F A , and how much is distributed through the parallel piezoelectric plate and epoxy filler series combination, F B (note that ‫ܨ‬ = ‫ܨ‬ + ‫ܨ‬ ). By determining the percentage reduction in tangential force through the piezoelectric plates relative to when no epoxy filler is present, we can modify the g 31 term in Equation 1 to obtain a more accurate theoretical prediction of sensitivity for the PMN-PT composite hydrophone. Using Hooke's law we can generate expressions for the strain when there is infinitely stiff filler present (wx o ), and for the strain when relatively soft kerf filler is present (wx):
Similarly, we can also easily generate an expression for the ratio of force through the piezo when the soft filler epoxy is present, F B, relative to the force through the piezo in the case that the filler epoxy is infinitely stiff, F Bo . 
Materials and Methods a) Fabrication
The fabrication process begins with bonding a <110> cut PMN-32%PT rectangular plate (TRS Technologies, State College, PA) to a glass carrier plate using a thin film bonding wax. The rectangular plate chosen for this study was a 35.6 mm long, 12.7 mm wide, and 0.76 mm thick substrate. Using a micro-dicing saw ((Disco Technologies, Tokyo, Japan)) and a 40 micron dicing blade, the crystal substrate was diced into 16 equal strips (2.185 mm wide) along the length of the plate. The cut depth of the dicing blade was chosen such that cuts were made completely through the piezoelectric substrate but only 5 microns into the glass carrier.
Following dicing, a thin piece of tape was applied to the top surface of the array of piezoelectric elements. When the substrate-tape combination was removed from the glass carrier plate upon heating the wax, the individual strips are held in place with the tape but the row of elements as a whole is now flexible and could be rolled into the form of a tube. A solid brass rod was then machined to match the same inner diameter of the previously ordered PZT-5A tubes so that the performance of hydrophones of equal dimensions could be experimentally compared. The solid brass rod was then placed on a hot plate at 80 degrees, and when hot enough, a thin film wax was melted around the brass rod and the rod was removed from the hot plate. The flexible row of piezoelectric elements was then rolled around the brass rod and then held in place until the thin film wax solidified. Figure 4 shows a diagram of the two major fabrication steps up until this point and Figure 5 shows a photograph of the piezoelectric row of elements wrapped around the brass rod and held in place with wax. The next step in the fabrication process was to fill the kerfs with a loaded epoxy. A strong epoxy loaded with Aluminum Oxide powder was chosen in order to increase the stiffness of the filler 9 . The epoxy was manually applied to the kerfs with a thin scalpel and allowed to harden for 24 hours. The brass rod was then heated to 80 degrees and the piezoelectric cylinder was removed from the brass by sliding it off the end. Any remaining wax residue was removed using methanol. The last step in fabricating the composite cylinder was to apply a small amount of conductive epoxy across each kerf in order to electrically connect all of the piezoelectric elements together.
The final steps in total the fabrication process were to make monopole hydrophones out of both the PMN-PT and PZT piezoelectric cylinders. Small wires were soldered to the both the inner and outer electrodes on the piezoelectric cylinders and then plastic end caps were applied to both ends of the cylinders. A small hole was drilled into one of the end caps to allow the electrical wire to pass through. This pass-through for the wire was then sealed with a 5 minute epoxy. Figure 6 shows a photograph of the finished hydrophone prototypes. The hydrophones are not inherently waterproof, and so they were encased in Flexane-80, an acoustically transparent rubber epoxy, with a coaxial BNC cable available for electrical connection. 
B. Hydrophone Test Setup
Both hydrophones were tested in the Water Tank facility at Ultra Electronics Maritime Systems in order to measure the underwater acoustic pressure sensitivity of the test hydrophones. A 6" diameter spherical ceramic transducer, capable of accurately producing tones as low as 500 Hz underwater, was lowered to a position slightly off-center at (18', 11', 12.5'). A well-known, calibrated ceramic hydrophone (B&K8103-1672172, B&K, Naerum, Denmark) was first lowered to another slightly-off center position at (18', 16', 12.5'), giving a separation of 5' in the y-axis. A LabVIEW program was used to produce a stepped sine wave sweep from 1 kHz to 8 KHz on the spherical ceramic projector. This system monitored the voltage and current supplied to the projector. The frequency sweep consisted of a 4 millisecond sine wave bursts in 40 Hz steps, with a 1 second delay between steps. The charge produced on the calibration hydrophone was converted to a voltage signal using a charge amplifier (B&K Nexus, B&K, Naerum, Denmark) and in turn an absolute pressure was calculated using the certified calibration curve for the B&K hydrophone. The B&K hydrophone was then replaced with one of the test hydrophones, and an identical frequency sweep from 1 kHz to 8 KHz was generated with the absolute pressure now known. This was repeated for both test hydrophones and the charge sensitivity in C/Pa could easily be calculated. A manually set window was used to ignore transient influenced data, as well as data superimposed with acoustic reflections. The window was typically set to 4ms ± 5%. All three hydrophones were submerged and left to acclimatize to the environment for 30 minutes before the testing
Results and Discussion
Using the test tank setup described in the previous section, the charge generated by each hydrophone was directly measured using the B&K charge amplifier. The charge sensitivity for each hydrophone was then calculated using known pressure generated by the projector. The results for the charge sensitivity measurements are shown in Figure 7 . The measured charge sensitivity for the PZT-5A hydrophone is in very close agreement to theoretical predictions given by Equation 2. The average charge sensitivity over our frequency range was 0.775 pC/Pa and this compares to the theoretical charge sensitivity of 0.791 pC/Pa, an agreement within 2% (0.2dB). The relative improvement in charge sensitivity for the PMN-PT composite hydrophone was 9.1 dB over the PZT-5A hydrophone. This was also in good agreement with our modified theoretical prediction of a 10.1dB, which accounts for the filler epoxy stiffness effects.
FIGURE 7:
Measured charge sensitivity for the <110> PMN-32%PT composite hydrophone and the conventional PZT-5A hydrophone.
The measured voltage sensitivity was calculated from the measured charge sensitivity by dividing by the measured capacitance at each frequency. As previously mentioned, the capacitance of each hydrophone was measured, before the potting and attachment of long coaxial cable using a precision impedance analyzer (Agilent 4294A, Santa Clara, CA). The average voltage sensitivity for the PZT-5A hydrophone over the analysis frequency range was 93.8 uV/Pa, which again is approximately 2% lower than the theoretical prediction. The average improvement for the PMN-PT composite hydrophone was 3.5 dB over the PZT hydrophone, which is also in very good agreement with the theoretical improvement of 4.5 dB.
The figure of merit (FOM) was calculated from the voltage sensitivity and the measured capacitance of each hydrophone according to Equation 3 . The average measured improvement in FOM for the PMN-PT hydrophone was 6.3 dB over the PZT hydrophone. This was in good agreement with the theoretical prediction of 7.3 dB.
Although these results already show that PMN-PT hydrophone has significantly improved sensitivity, it should also be mentioned that PMN-PT crystal plates with identical crystal cuts possessing even higher g31 coefficients are possible. Although the g31 coefficients for this crystal plate ordered from TRS technologies presented here were approximately 0.027 Vm/N, we have previously received identical <110> cut crystals from TRS technologies with g31 coefficients as high as 0.037 Vm/N. This g31 coefficient would improve the hydrophone sensitivities a further 2.5 dB on bringing the total relative improvement over PZT to 6 dB for the voltage sensitivity, 11.6 dB for the charge sensitivity, and 8.8 dB for the FOM.
Conclusions
A direct comparison between two underwater acoustic hydrophones of equal dimensions has been presented. One hydrophone was fabricated from a solid PZT-5A piezoelectric cylinder, and one hydrophone was based on a composite PMN-32%PT cylinder. The PMN-32%PT cylinder was fabricated from a thin rectangular <110> cut piezoelectric plate. The plate was mounted on a flexible tape, diced with a 40 micron dicing blade, rolled into a cylindrical form factor, and then the kerfs were filled with a stiff epoxy. The experimentally measured charge sensitivity was 0.775 pC/Pa for the PZT-5A which was in excellent agreement with the theoretical charge sensitivity of 0.791 pC/Pa. The relative improvement in charge sensitivity for the PMN-PT based hydrophone was 9.1dB over the PZT-5A hydrophone, which was in good agreement with the theoretical prediction of 10.1dB. The voltage sensitivity was calculated by dividing the charge sensitivity by the measured hydrophone capacitance. The relative improvement in voltage sensitivity for the PMN-PT hydrophone was 3.5 dB, which was in good agreement with the theoretical improvement of 4.5 dB. A quantity representing a signal-to-noise figure-of-merit (FOM) was calculated from the measured charge sensitivity and capacitance to be 6.3 dB, which was in good agreement with the theoretical prediction of 7.3 dB. The improvement in sensitivity should be enough to reduce the size of the hydrophone by at least a factor of two and still obtain the same sensitivity performance as a PZT-5A hydrophone. This could potentially lead to smaller towed arrays more suitable for smaller ships.
